Background In patients having elective hip or knee replacements, many comorbid conditions, including diabetes, cardiovascular disease, and congestive heart failure, are associated with postoperative mortality. Renal failure and a history of renal transplantation also increase mortality. However, the effect of different stages of chronic kidney disease on patients' prognoses is unclear.
stages of the disease. Cox regression analysis was performed to compare the risk of death associated with the comorbid conditions of interest. Comorbid conditions with greatest risk for death (diabetes, coronary artery disease, and congestive heart failure) were combined separately with chronic kidney disease using logistic regression. According to data from the Finnish Population Register Centre, a total of 4055 deaths occurred in our patient cohort during the followup period. The median followup was 7.8 years (range, 0-14 years; interquartile range, 5.8-10.0 years). Results The mean survival time was 13 years (95% confidence interval [CI], 12.5-12.7 years) in Stage I, 11 years (95% CI, 11.3-11.5 years) in Stage II, 9 years (95% CI, 9.2-9.7 years) in Stage III, 7 years (95% CI, 5.6-7. Conclusions All stages of chronic kidney disease have a harmful effect on long-term life expectancy in joint replacement recipients. The risk becomes clinically meaningful in the most severe forms of the disease, but also in moderate chronic kidney disease when it is accompanied by diabetes, coronary disease, or congestive heart failure. It should be recognized that these patients achieve fewer quality-adjusted life-years even if clinical outcomes were similar. The effect of chronic kidney disease on costeffectiveness of hip and knee replacements should be investigated in future studies. Level of Evidence Level III, therapeutic study.
Introduction
Many common morbidities are associated with increased mortality after elective hip and knee replacement including congestive heart failure, cardiovascular disease, anemia, diabetes, and frailty [2, 5, 10, 12] , but the impact of chronic kidney disease (CKD) on life expectancy after hip or knee replacement is not well characterized. Most studies [4, 5, 8, 10, 15, 16, 19] have focused on patients with renal failure or short-term mortality, typically within 90 days. As a result, the effects of mild to severe CKD on mortality after elective surgery joint replacement have often been ignored, especially in the long term.
Kidney function is defined by the estimated glomerular filtration rate (eGFR) and is classified by severity into five different CKD stages; normal function is present when the eGFR is 90 mL/min/1.73 m 2 followed by mild (89-60), moderate (59-30), severe (29-15), and renal failure (< 15 or dialysis) based on eGFR [14] . Diabetes and hypertension along with use of nonsteroidal antiinflammatory drugs is common among patients undergoing lower extremity joint replacement and they are also associated with CKD [11, 13] . Chronic kidney disease of at least a moderate degree is found in 10% to 20% of patients undergoing elective hip and knee replacement [1, 11, 17] . In previous studies, moderate CKD increased the risk of death approximately twofold at 30 to 90 days postoperatively [4, 5, 10, 19] , and patients with end-stage renal failure or renal transplant had 1-year mortality of approximately 4% to 6% [16] . To our knowledge, only one paper describes long-term mortality across all CKD stages, but it focused on patients aged $ 75 years and could demonstrate a significant effect only in patients with severely reduced kidney function (eGFR < 30 mL/min/1.73 m 2 ) who had fivefold higher overall mortality [12] . Otherwise, longer followup data exist on patients on dialysis and patients who have undergone kidney transplantation, of whom 50% and 80% to 90%, respectively, had died 5 years postoperatively [8, 15] . Thus, there are little population-based data concerning mortality among patients undergoing joint replacement classified to have mild to severe CKD after the first postoperative months. However, the connection between moderately (eGFR < 60 mL/min/1.73 m 2 ) and mildly (eGFR < 90 mL/min/1.73 m 2 ) reduced kidney function and death has been demonstrated among patients undergoing cardiac surgery and those undergoing carotid endarterectomy [3, 9] . Because mortality plays a key role both in balancing the risks and benefits and determining the cost-effectiveness of surgery, surgeons need more knowledge on the effect of CKD stage on patients' long-term prognoses. Furthermore, because CKD is usually associated with other comorbidities [11] , knowing the interactions among the most common comorbidities on postoperative mortality is crucial in preoperative evaluation to make the decision whether to operate. Such data are, however, currently lacking.
Therefore, we asked: (1) What is the risk of postoperative mortality in different stages of CKD after elective hip or knee replacement and does the risk increase with mild renal insufficiency? (2) How severe is the risk of death in patients with CKD compared with other major medical comorbidities such as diabetes, cardiovascular disease, and congestive heart failure? (3) Are there risk factor combinations associated with especially poor survival?
Materials and Methods
This study was a retrospective study using longitudinally maintained patient data. The study was performed at the Coxa Hospital for Joint Replacement, a universityaffiliated publicly funded orthopaedic hospital specializing in joint replacement surgery with > 3000 joint replacements performed annually representing approximately 15% of all hip and knee replacements performed annually in Finland. Coxa is responsible for joint replacement surgery in Pirkanmaa Hospital District (catchment area population of approximately 550,000 inhabitants) and is also a tertiary referral hospital for onefifth of Finland. At the end of the study, Coxa had 15 senior orthopaedic surgeons. All joint replacements over the study period were performed by or under direct supervision of these senior surgeons. Since its establishment in 2002, Coxa has maintained an electronic joint replacement database. Comprehensive data of all primary and revision joint replacement surgeries are systematically recorded in the database. This database also produces obligatory reports of all joint replacements to the Finnish Arthroplasty Register that is maintained by the Institute for Health and Welfare (Helsinki, Finland). Compared with the Finnish Hospital Discharge Register, that is also maintained by the same national institute, annual completeness of Coxa's database has continuously been > 99%. Mortality data are routinely obtained from the Finnish Population Register Centre that covers both all deaths that occur inside Finland and also separately reported deaths abroad. Thanks to these nationwide data sources, that are automatically linked to Coxa's database, our followup data, in terms of mortality and survival, are practically complete.
This investigation was approved by the Pirkanmaa Hospital District.
The study population included patients undergoing hip or knee replacements at Coxa Hospital between September 2002 and December 2011 (n = 20,575). A total of 2000 patients were excluded from the study as a result of lacking preoperative serum creatine (SCr; unable to calculate eGFR) or having an emergency operation (to maintain homogeneity) (Fig. 1 ). There were fewer females (58.9% compared with 62.7%; chi square test p = 0.001), fewer knee replacements (30.8% compared with 52.5%; chi square test p < 0.001), and lower body mass index (BMI; medians, 27.5 kg/m 2 versus 28.6 kg/m 2 ; independentsample Mann-Whitney U-test p < 0.001) in the excluded group. The remaining 18,575 patients were included in our analyses. Of the included patients, 22% (4055) died during the followup period, which was until April 9, 2016. The median followup was 7.8 years (interquartile range [IQR], 5.8-10.0 years; range, 0-13.95 years).
The preoperative diagnosis was primary osteoarthritis in 15,467 (83%) of the patients. A total of 2632 (24%) of the operations were revision joint replacements. The posterior approach was used in hip operations and the medial parapatellar approach was used in knee operations in most of the patients. Antibiotic bone cement was used in 3899 (51%) of the hip operations (1190 [14%] missing) and in 9159 (96%) of the knee operations (220 [2%] missing). The median operation time was 115 minutes. Spinal anesthesia was used with few exceptions; only 287 (2%) had general anesthesia.
Demographic data and patient information were obtained from a longitudinally maintained joint replacement database and patient administration database. The following data were collected for analysis: sex, age, BMI, surgically treated joint (hip, knee), and type of operation (primary, revision). A history of diabetes, hypertension, coronary disease, congestive heart failure, and dialysis was obtained from the Finnish national database of reimbursement rights for medication expenses. A table showing reimbursement criteria has been published in our previous study [11] . Reimbursement for medication is a financial benefit that the Finnish government provides for patients with certain diseases and therefore most eligible patients use it. Patients receiving reimbursement for a given medication were regarded as having the relevant disease. The criteria for reimbursement for hypertension medication are higher than diagnostic criteria and therefore some patients having hypertension might not have been found. However, those registered represent patients with true, confirmed diseases. Preoperative SCr and hemoglobin values were obtained from the database of a local laboratory that provides laboratory services to the hospital, the adjacent university hospital, and to most communities in the catchment area. These laboratory tests are routinely obtained as part of the preanesthesia evaluation done 1 to 2 months before surgery, but measurements taken within 6 months before surgery were approved. If multiple preoperative SCr or hemoglobin measurements were recorded, the most recent was used. (Table 1) .
Statistical Analysis
Kaplan-Meier analysis was performed to draw survival plots and to calculate median survival times. Survival time for certain cutoff points was calculated using life tables. Univariable analysis of patient characteristics and comorbid conditions was made using Cox regression to test which variables have an association with survival. In univariable analysis, age, sex, anemia, diabetes, hypertension, coronary disease, congestive heart failure, CKD stage, and BMI were associated with survival (p < 0.05) and therefore were regarded as confounders for multivariable analysis using Cox regression. Preoperative anemia might be caused by end-stage renal disease and therefore was not included in the multivariable analysis owing to high collinearity (chi square, p < 0.001). CKD disease stage based on the CKD-EPI equation also includes information regarding age and sex and therefore was not included in the multivariable analysis. When Cox regression was used, proportional hazards assumption was tested graphically using log-log plots. For multivariable analysis, Stages IV and V CKD were combined to fulfill the proportional hazards assumption, because the curves crossed several times in the log-log plot (data not shown). In multivariable Cox regression analysis, the CKD classification was the exposure variable, whereas morbidity was the outcome variable. Different combinations of CKD and comorbid conditions were tested with logistic regression for certain cutoff points. Because diabetes, congestive heart failure, and coronary disease were associated with increased and remarkable risk for mortality, they were one at a time combined with CKD. For this analysis, CKD was defined as eGFR < 60 mL/min/1.73 m 2 .
Results
Survivorship decreased with advancing stages of CKD (Stages II to V compared with Stage I) after controlling for BMI, congestive heart failure, coronary disease, diabetes, and hypertension ( Table 4 ).
Discussion
Postoperative mortality of patients with CKD, particularly at long-term followup, is as not well characterized as that related to other comorbidities among joint replacement recipients [2, 5, 10] . Current literature focuses on the most severe extremity of the CKD scale and when the whole scale of CKD is considered, only short-term mortality has been reported [4, 5, 8, 10, 15, 16, 19] . This leaves a gap in our knowledge concerning the most common patient group, ie, patients with Stage II to III CKD, when it comes to followup beyond 90 days or 1 year. In our study, mortality of the whole scale of CKD was reported at a median followup of 8 years.
Our study had some limitations. Our study population is quite homogenous because only 6% of Finnish citizens have a foreign background and most of those are of Nordic origin (Official Statistics of Finland: Population structure Our data might be skewed by a large proportion of white patients. In addition, our database does not register patient's race and therefore we assumed all patients were white. However, the effect of this is probably negligible. Furthermore, the CKD-EPI equation takes race into account [14] when calculating eGFR and therefore our results can be extrapolated also to other patient groups with different racial distribution. Our data concerning diabetes, hypertension, congestive heart failure, and coronary disease were obtained from a national database, which does not include all patients with a certain disease, but only patients with diagnosed and medically treated conditions who receive reimbursement for medication costs. Because reimbursement right is a remarkable financial benefit, we assume that most patients will apply for it if they fulfill the criteria. Furthermore, use of reimbursement data ensures that the diagnoses are valid. Because the reimbursement criteria for hypertension are very strict [11] , our results can be interpreted concerning patients with difficult hypertension and therefore patients with less severe hypertension do not necessarily have as high mortality as reported in this study. Our consideration of diabetes is limited to patients with medically treated disease, and patients treated with lifestyle interventions only are not taken into account. With these limitations, our result of patients with CKD having greater HRs for mortality compared with patients with difficult hypertension and medically treated patients with diabetes emphasizes the role of CKD as a major risk factor for death.
Severe CKD is associated with increased mortality both at short-term followup and long term [4, 5, 8, 12, 15, 16, 19] , but there is a paucity of data about the effects of milder CKD. Deegan et al. [6] found increased (HR 3.4 with relatively wide 95% CI, 1.25-9.23) long-term mortality among patients with Stage III CKD (compared with Stage I-II CKD) among a similar but smaller group of patients undergoing hip replacements. Although they did not control their multivariable analysis for most relevant comorbid conditions, their results are about the same magnitude with the two-, four-, and eightfold increases in mortality in Stage I versus Stages II through V CKD in this study. However, Deegan et al. were not able to Stage I  6519  6413  6230  4953  3287  1743  Stage II  9917  9615  9203  7166  4706  2445  Stage III  2023  1896  1720  1263  774  383  Stages IV and V  116  94  74  41  27  11 CKD = chronic kidney disease.
Volume 476, Number 6 Nephropathy and Death After Arthroplasty 1289 demonstrate any effect of CKD on mortality after knee replacements, probably as a result of a small number of patients. Jämsen et al. [12] studied an older population and found that patients with Stage IV CKD have a fivefold risk of death compared with patients with Stage I disease, whereas the risk of death in patients with Stages II and III disease did not differ. Smaller number of patients, shorter followup, and obviously different baseline risk of death probably explain the differences between our results (Table 5) . Our study extends current knowledge by reporting HRs, with adjustment for comorbidity, separately for every CKD stage in an adequately sized population-based series. Importantly, our findings indicate that survival in patients with Stages I and II CKD is excellent and hence these patients will most likely benefit from the surgery. On the other hand, survival in patients with Stages IV to V CKD is poor and proceeding to surgery should be considered carefully because only half of the patients are alive 5 years postoperatively. Patients with Stage III CKD have a relatively good survival rate postoperatively and they will likely benefit from the operation. However, if the indication for operation is borderline between whether or not to operate or the patient has diabetes, congestive heart failure, or coronary disease, Stage III CKD might guide clinicians to make a decision not to operate. It should be recognized that although clinical benefit in terms of pain and function may be achieved, fewer quality-adjusted life-years are achieved as a result of compromised life expectancy. Therefore, future studies should evaluate the cost-effectiveness of joint replacements in patients with Stage III to V CKD. Bozic et al. [5] and Hunt et al. [10] reported an approximately twofold increase in risk of death at 90 days among patients with renal disease and among patients with congestive heart failure. The risk with diabetes was 1.3-to twofold. Hypertension and coronary disease were not associated with 90-day mortality in the first study [5] and not investigated in the latter [10] . In our multivariable analysis, Stages III to V CKD led to a four-to eightfold increase in the overall risk of death compared with Stage I disease, whereas congestive heart failure and diabetes increased the risk of death two-and 1.7-fold, respectively. Therefore, Stages III to V CKD seem to have more of an effect on mortality than diabetes, congestive heart failure, hypertension, and coronary disease, which differs from the results reported by others [5, 10] . Our followup was longer, which probably explains the differences in our study compared with Bozic et al. [5] and Hunt et al. [10] . Because they did not provide information regarding patient demographics, further comparisons cannot be made. Nevertheless, our study suggests that CKD is definitely among the conditions that should be considered when planning surgery and care should be taken to recognize and grade CKD in preoperative assessment [11] . ); CD = coronary disease; CHF = congestive heart failure; DM = diabetes mellitus; OR = odds ratio; CI = confidence interval.
Our results indicating that stage of CKD is the strongest factor associated with mortality can be explained by considering this disease as a manifestation of long-lasting comorbid conditions such as diabetes and hypertension [13] . This view is supported by the novel finding that the risk of death in patients with CKD accompanied by coronary disease or congestive heart failure is additional. However, CKD and diabetes have a synergistic effect on mortality during the first postoperative year and an additional effect at 5 years. This synergistic effect might be explained by diabetes increasing morbidity burden more than congestive heart failure or coronary disease. Previously, it has been shown that CKD increases mortality in patients with coronary disease [7] and diabetes [18] even three-to ninefold. These studies, however, lacked a comparison group with either condition. Such risk factor combinations have not been studied in joint replacement recipients either. Given the considerable additional effects on mortality, this study emphasizes the importance of paying attention to individual patients' morbidity profiles rather than the presence of separate conditions. However, the synergistic effect of diabetes and CKD should be investigated more because our results present relatively wide CIs.
With this study, we found that all stages of CKD are associated with postoperative mortality in the long term, which was not known before. Furthermore, underlining the importance of these findings, CKD seems to be a stronger predictor of mortality than other comorbidities. Importantly, patients with CKD combined with diabetes, coronary disease, or congestive heart failure was found to have especially poor survival. We recommend surgeons consider CKD as an important risk factor among others and to take CKD stage into account when determining when it is reasonable to operate. In our opinion, in clear indications, patients having Stages I to III CKD will likely benefit from the surgery because they have a long life expectancy. However, in Stages IV and V and in patients having both diabetes and Stage III CKD, these should be considered before proceeding to surgery. Because patient survival affects the overall benefit of surgery, future studies should evaluate whether hip and knee replacements are costeffective in patients with progressive CKD and also how the high risk of death among patients having both CKD and diabetes should be acknowledged in clinical practice. In our clinic, the information from this study helps us in counsel patients and their family members about the increased risks associated with joint replacement surgery in patients with renal insufficiency. Numbers present medians unless otherwise stated. *estimated. †not significant. BMI = body mass index; DM = diabetes mellitus; HTA = hypertension; CHF = congestive heart failure; CD = coronary disease; CKD = chronic kidney disease; -= data not provided in the study.
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